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ABSTRACT:  
Zinc chloride aqueous solution is a non-derivatizing solvent for starch, and could be used as a media 
for homogeneous starch modification. This paper concerns the rheological properties of starch in 
ZnCl2 aqueous solution under different conditions. Specifically, a large number (120) of 
viscosity-shear rate curves for starch-ZnCl2 solutions with different starch contents, ZnCl2 
concentrations, and temperatures were obtained and modeled using a master curve method. In 
particular, the power-law index (n) from the modeling could accurately classify the starch molecules 
in ZnCl2 aqueous solutions into an insoluble state, a dilute state, a semi-dilute state and a sticky state, 
reflecting the different degree of chain interactions in the solution. In particular, the sticky state 
would be mostly likely be controlled by the zinc-starch complex, which made the rheological 
behavior entirely different from that at low ZnCl2 concentrations. The knowledge obtained from this 
study can be used to guide the homogeneous modification of starch and the fabrication of 
starch-based materials using green solvents such as aqueous ZnCl2 with desired properties.  
 
KEYWORDS: starch /zinc chloride /rheological modeling /phase diagram 
 
Chemical compounds studied in this article: 
Starch (PubChem CID: 24836924); Zinc Chloride (PubChem CID: 3007855); Water (PubChem CID: 
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1Introduction 
Starch is one of the most abundant biomacromolecules in nature[1, 2]. Due toits low cost, 
renewability, and biodegradability, starch has been widely used as a raw material in the industry[3, 4]. 
Furthermore, based on the abundant hydroxyl groups on its glucose units, native starch can be 
modified into various derivatives for the widened applications[5].For example, starch sodium 
succinate and starch phosphate ester can be used to prepare food additives; and starch can also be 
converted into value-added chemical products, such as binders and flocculants[6]. 
However, the modification of starch has been greatly limited by its insolubility in water and 
most organic solvents[7]. Starch, which is synthesized in the form of densely-packed heterogeneous 
granules[8, 9], shows low solubility in most conventional solvent despite being highly hydrophilic. 
As a result, starch is more resistant to various reactions than most of the other (in particular, synthetic) 
polymer, which can be easily dissolved in a solvent.  
Recent research has been focused on the solvents for complete dissolution of starch. Regarding 
this, ionic liquids (ILs) represent a group of non-derivatizing solvents excellent for starch[10, 11]. 
Homogeneous systems based on ILs have been reported to be favorable for the chemical 
modification of starch into e.g. acetylated starch[12], cationic starch[13], and carboxymethyl 
starch[14] in 1-butyl-3-methylimidazoliumchloride ([Bmim]Cl);fatty-acid starch esters in 
1-ethyl-3-methlyimidazolium acetate ([Emim][OAc])[15]; and for starch oxidation in a 
polyoxometalate (POM) IL[16]. All these studies have shown that ILs can be used to prepare 
modified starches with more desirable properties. However, the research on ILs has just been started 
and the toxicity of ILs remains uncertain. Moreover, the high prices of ILs restrict their practical 
application in industry. Therefore, the real potential of IL remains uncertain[5, 17]. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Besides ILs, some salt solutions can also decrease the gelatinization temperature of starch, and 
accelerate the destruction of granules. Regarding this, these solutions have a “salt-in” effect[18], or 
the Hofmeister effect, which describes the fact that the presence of ions (especially anions) affects 
the solubility of macromolecules in aqueous solutions[19]. Hofmeister salts can generally be 
classified into two groups based on the different ions: the kosmotropes (the water structure makers or 
salt-out ions) and the chaotropes (the water structure breakers or salt-in ions). Jane et al.[20] further 
pointed out that because of the electro negative nature of starch, anions tend to repel starch -OH 
groups and stabilize starch granules; and cations, on the other hand, attract starch -OH groups and 
destabilize starch granules. Moreover, undercertain concentrations, LiCl, KSCN, KI, BaF2, and 
BaBr2 solutions can be used to gelatinize starch granules even at room temperature[21, 22]. In our 
previous study, ZnCl2 aqueous solution was revealed to be a good non-derivatizing solvent for starch, 
and the dissolution mechanism was proposed to be the Hofmeister effect and the “zinc–starch 
complex”[5]. However, despite the scientific importance for practical applications, the conformation 
of starch macromolecules in salt solutions such as aqueous ZnCl2 has seldom been reported so far. 
In this work, we studied the rheological properties under different conditions to understand the 
conformation of starch chains in ZnCl2aqueous solution. Cassava starch was chosen as it is 
commonly used as an industrial raw material. Based on the rheological results, we not only obtained 
a regressed power-law model to describe the rheological properties accurately, but also proposed a 
phase diagram describing the aggregation structure of starch molecules in ZnCl2 solution.  
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2Materials and Methods 
2.1 Materials 
Native cassava starch was purchased from Dongguan Wenying Starch Trade Co., Ltd. (Guangzhou, 
China). Anhydrous zinc chloride (ZnCl2, analytic grade) was supplied by Guangzhou Chemical 
Reagent Factory (Guangzhou, China). The distilled water was prepared in laboratory. 
 
2.2 Preparation of starch-zinc chloride solutions 
Certain amounts of anhydrous ZnCl2 were added to a three-neck, round-bottom flask equipped with 
an electric stirrer to obtain ZnCl2 aqueous solutions of certain concentrations (65%, 45%, 35% and 
29.6wt.%). 29.6% was the critical concentration below which the starch could not be fully dissolved. 
65% was the concentration that approaches to saturation. The other two concentrations, 35% and 
45%, were used to enlarge the differences between samples. The ZnCl2solution was then mixed with 
a certain amount of starch (1, 2, 3, 4, and 5wt.%, dry weight). Afterward, the system was stirred at 
50°C for 4 h to achieve complete dissolution[5]. 
 
2.3 Rheological measurements of starch-ZnCl2 solutions 
The rheological measurements were carried out on a TA Discovery-DHR-2 rheometer (U.S.A.) with 
a 60 mm diameter plate-plate geometry and a Peltier temperature control system. For ZnCl2 aqueous 
solutions of different concentrations, the steady shear experiments were carried out with the shear 
rate from 10 s−1 to 500 s−1 at various temperatures (25°C, 30°C, 40°C, 50°C, and 60°C). For 
starch-ZnCl2 solutions, the same test parameters were used as for ZnCl2 aqueous solutions, except 
that the shear rate was from 10 s−1 to 1000 s−1. At this range of shear rate, the solutions were in a 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
pseudo-plastic state. Silicone oil (DC 200, Sigma-Aldrich) was placed around the edge of the 
measuring cell to prevent the absorption of moisture from the environment. Silicone oil would hardly 
affect the experimental results, as it is not miscible with polysaccharide solutions and has a relatively 
lower viscosity (9.5 mPa·s at 20°C).  
All the rheological tests were carried out at least twice. For each sample at a certain condition, 
we compared the rheological curves from repeated tests. If the curves were very close to each other, 
a typical one was selected for use in the figures. If the curves had the significant differences, more 
repeats were undertaken. 
 
2.4 Data analysis 
The Microsoft®Excel software was used to carry out the linear regression based on a modified 
power-law equation and to obtain the correlation coefficients (R2). Data were analyzed using a one 
way analysis of variance (ANOVA) and a Duncan’s test for a statistical significance P ≤ 0.05, 
using the SPSS Statistics 19.0.  
 
 
3Results and discussion 
3.1 Rheological proprieties of starch in ZnCl2aqueous solution 
In this work, we obtained 100 rheological (viscosity vs. shear rate) curves for starch-ZnCl2solutions, 
and 20 curves for ZnCl2 aqueous solutions (without starch), under different conditions. Some typical 
curves for starch-ZnCl2 solutions were chosen to be illustrated in Fig. 1. Moreover, all parameters for 
120 curves were illustrated in Table 1, Table 2, Table 3 and Table 4. In Fig.1, all the samples in the 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
shear rate range in question (10 s−1–1000 s−1) showed a shear-thinning behavior, and could be 
considered as pseudo-plastic fluids. This shear-thinning behavior of starch has also been reported in 
other solvents such as water, DMSO and NMMO [23-25]. 
From Fig. 1a, it could be seen that under the same ZnCl2 concentration, the solution viscosity 
was increased with the increased starch content, and decreased with a higher temperature. From 
Fig. 1b and c, the viscosity was increased with the ZnCl2 content and decreased with the increased 
temperature. Moreover, these results were as expected. All of the other rheological curves not shown 
here had the similar trends. 
Moreover, for all the samples, a linear relationship between viscosity and shear rate can be seen 
on the double-logarithmic plot, indicating that a power-law model could be used to describe the 
rheological behaviors of starch-ZnCl2 solutions [26-29]: 
      
1nK          (1) 
where η is the viscosity (Pa·s) of mixed solutions,   is the shear rate (s
−1), K is the consistency 
(Pa·s), and n is the power-law index. For a pseudo-plastic solution, n< 1; the closer n was to1, the 
more Newtonian behavior the solution shows. 
The detailed parameters of regression power-law equations for different ZnCl2 aqueous 
solutions and starch-ZnCl2 solutions can be seen from Table 1 to Table 4, respectively. It can be seen 
that nearly all correlation coefficients (R2) were higher than 0.9, showing a strong power-law 
dependence of viscosity on shear rate.  
The n values for the ZnCl2 solutions at different conditions are illustrated in Fig. 2. For ZnCl2 
aqueous solutions (without starch), n was increased with the increased ZnCl2 content and decreased 
with an increase in temperature. This suggests that the solution with more Zn2+ and Cl− ions showed 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a stronger Newtonian behavior (or the shear stability behavior); and the solution at a higher 
temperature would display a weaker Newtonian behavior (or the shear thinning behavior), which can 
be ascribed to the Hofmeister effect. This behavior was on the opposite with other conventional 
solutions and molten macromolecules. It is generally accepted that water is a Newtonian fluid, with n 
equals 1. But Cl− is a strong chaotropes anion (or the structure breaker anions) to break the natural 
structure of water (which is described as the water cluster), and increase free water[20, 30]. 
Therefore, more Cl− anions in the solution and/or a high temperature would contribute to a greater 
effect of Cl− anions, i.e., a stronger Hofmeister effect, resulting in more free water molecules. Thus, 
the solution had a weaker Newtonian behavior.  
From Fig. 2, it could also be seen that irrespective of starch content, n was always decreased 
with the increased temperature when the ZnCl2concentration was low (≤45%). This suggests that at 
low ZnCl2 contents, the rheological properties of starch-ZnCl2 solutions were mainly contributed by 
ZnCl2 aqueous solutions, but not the concentration of starch macromolecules. This was reasonable 
considering the very low content of starch compared with Zn2+ and Cl− contents in the solutions. 
However, when the ZnCl2 concentration was high (65%) and the starch content was 2–5%, n was 
increased with a higher temperature, which was the same as conventional solutions and molten 
macromolecules. This indicates that, at these conditions, the rheological properties of the solution 
were influenced more by starch macromolecules but less by Zn2+ and Cl− ions. These results could 
reflect the different degree of entanglement between starch molecules in solutions. Under the same 
starch content, the interaction and entanglement between starch macromolecules could be stronger at 
high ZnCl2 contents than those at low ZnCl2 contents. This result can be explained by the 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“zinc-starch complex”, which had been proposed by former researchers [5, 31]. The interaction 
between, and conformation of, starch molecules will be further discussed in Section 3.3.  
 
3.2 Rheological model for starch in ZnCl2 aqueous solution 
To better understand the rheological properties of starch-ZnCl2 aqueous solutions, the previous 
models in terms of power-law parameters have been used with modification. The power-law index n 
can be expressed as Eq.(2)[26, 27]: 
2 2 2 20 1 2 3 12 13 23 123ZnCl St ZnCl St ZnCl St ZnCl St
n n T C C T C T C C C T C C                           
                   (2) 
where T is the absolute temperature (Kelvin) of the solution, 
2ZnCl
C is the ZnCl2 content (w/w, dry 
basis), CSt is the starch content (w/w, dry basis), and n0, α1, α2, α3, α12, α13, α23 and α123 are constants. 
By linear regression based on the 100 curves for starch-ZnCl2 solutions, the constants are calculated: 
n0 = 1.596, α1=−0.00381, α2= −0.984, α3= 0.0816, α12= 0.00541, α13= 0.0000668, α23= −0.351 and 
α123 = 0.000468. The correlation coefficient is 0.903, which is satisfactory. 
The consistency K can be expressed using Eq.(3) [26, 28]: 
   
20
1
exp 'ZnCl St
E
K K C C
R T
 
  
    
  
   (3) 
where E/R is the reduced flow activation energy (Kelvin) and K0 is another constant (Pa·s
n). By 
linear regression on the 100 curves for starch-ZnCl2 solutions, the constants are calculated: K0 = 
0.000213, E/R =1460, α=−2.544, and α'=−0.642. The correlation coefficient is 0.917, which is also 
satisfactory.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From these calculated constants, it is clear that the ZnCl2 content had the greatest influence on 
both n and K. The impact of the starch content on these two parameters was small, and the impact of 
temperature on n was extremely weak.  
The established rheological model for starch-ZnCl2 solutions (starch content: 1%–5%; ZnCl2 
concentration: 29.6%–65%; temperature: 25°C–60°C) is expected to be useful to predict the 
rheological properties in other conditions.  
 
3.3 Master curve study 
For molten macromolecules, the master curve can be drawn using the classical time–temperature 
superposition, and it can also be extended to include other experimental parameters such as the 
plasticizer content[26, 27, 32]. Here, for starch-ZnCl2 solutions, a master curve study can also 
involve the effects of starch content and ZnCl2 content, which makes it possible to gather all the 
experimental data in this work for comparison purpose. The reduced viscosity, 
2
/ T ZnCl St    , can be 
plotted against the reduced shear rate,
2T ZnCl St
    ,where 2T ZnCl St    is the shift factor defined as 
Eq.(4). 
     
2 2 2 0 0
0
1 1
exp 'T ZnCl St ZnCl i ZnCl Sti St
i
E
C C C C
R T T
   
  
       
   
   (4) 
where the subscript i indicates the flow conditions to be superposed on the reference flow conditions, 
which is labeled by the subscript 0. Here, the reference conditions are: T0 = 25°C, 
2 0ZnCl
C  = 29.6%, 
and CSt0 = 1%. The reduced curves can only be superposed if the molecules in different samples 
share the same structure and/or conformation.  
Fig. 3a shows the master curves of starch-ZnCl2 solutions with the same starch content (1%). It 
can be seen that in this case starch-ZnCl2 solutions could be divided into two groups (labeled as G1 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
and G2). Group G1 represents samples with low ZnCl2 concentrations (29.6%–45%), irrespective of 
the temperature (25–60°C). This shows that when the ZnCl2 concentration was low, the conformation 
of starch molecules in solutions was similar. However, when the ZnCl2 concentration reached 65% 
(G2), their reduced curves were separated from G1. These results can be seen in other starch contents 
(1–5%), which are not shown here. In agreement with the n results as discussed in Section 3.1, here, 
the results show that when the starch content was the same, the interaction and entanglement 
between starch macromolecules should be stronger at a high ZnCl2 content (65%) than those at low 
ZnCl2 contents (29.6%–45%). Again, this could be ascribed to the formation of a “zinc-starch 
complex”. Specifically, Zn2+ can attract starch –OH groups[20]. As a result, Zn2+ played the role as a 
crosslinking agent and enhanced the interaction and entanglement between starch chains. Moreover, 
the high content of Zn2+ resulted in the much more formation of zinc-starch complex, and the more 
entanglement. Therefore, at a high concentration of Zn2+ ions, the starch molecules influenced the 
rheological properties more strongly, and their conformation was different from that with low Zn2+ 
contents, which causes the separation of master curves.  
Fig. 3b shows the reduced curves under the same ZnCl2 contents (29.6% and 35%). It can be 
observed that in these cases starch-ZnCl2 solutions can also be divided into two groups, with the 
starch content being 1% (G1), and 2% to 5% (G2), respectively. In other words, the reduced curves 
for 1% starch content stayed apart from others. This phenomenon can also be seen for the curves for 
45% ZnCl2 content, which are not shown here. We propose the reason causing the master curve 
separation was the different degree of entanglement of starch chains and starch-zinc complex. 
Specifically, at 1% starch content, there was limited entanglement between starch chains and 
starch-zinc complex, which were dispersed individually. However, a high starch content could lead to 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
greater entanglement between starch chains and starch-zinc complex. A similar phenomenon have 
been observed in a previous study[25] for waxy starch in an ionic liquid 
1-ethyl-3-methylimidazolium acetate ([Emim][OAc]), where the conformation of starch molecules as 
reflected by rheological results could be classified into either a “dilute region” or a “semi-dilute 
region”. In their study, the critical starch concentration between the dilute region and the semi-dilute 
region was also 1%. 
 
3.4 Phase diagram and schematic representation of the conformation of starch macromolecules in 
ZnCl2 aqueous solution 
Based on the above discussion in Sections 3.1 and 3.3, Fig. 4 shows a phase diagram with schematic 
representation of the conformation of starch macromolecules. In Fig. 4, there are four regions in the 
phase diagram: Phase I represents an “insoluble region”; Phase II represents a “dilute region”; Phase 
III represents a “semi-dilute region”; and Phase IV accounts for a “sticky region”. Specifically, when 
the content of ZnCl2 was lower than 29.6% (the red part), starch could not dissolve in the solution 
and exists as granules (Phase I, the insoluble region)[5]. When the ZnCl2 concentration was between 
29.6% to 65%, and the starch content was lower than 1% (the purple part), the starch chains were 
dispersed individually in the solution, without entanglement (Phase II, the dilute region). When the 
ZnCl2 concentration was still 29.6%–65%, but the content of starch was between 2% to 5% (the 
green part), there were apparent interaction and entanglement between starch molecules, which had 
the same conformation (Phase III, the semi-dilute region). Moreover, when the ZnCl2 concentration 
was ≥65% and the content of starch was more than 1% (the blue part), the “zinc-starch complex” was 
formed and had the much stronger interaction and entanglement than those between pure starch 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
chains (Phase IV, the sticky region). This complex could much more strongly influence the 
rheological properties of solutions than the ZnCl2 aqueous solution itself. Besides, when the ZnCl2 
concentration was 29.6%–65%, but the content of starch was between ≥5%, from the rheological 
information, it should also be classified to the “sticky region” (Phase IV, the blue part), because of 
the high entanglement between starch chains.  
This phase diagram summarizes the existence of starch molecules in ZnCl2 solutions, and can be 
used to guide the homogeneous modification of starch. For example, in the dilute region, the starch 
chains disperse widely and the entanglement is weak, it is suitable for those modified reactions with 
a high degree of substitution.  
 
3.5 Modified master curves for confirmation of the phase diagram 
Based on the proposed phase diagram (Fig. 4), the 100 rheological curves for starch-ZnCl2 solutions 
under different conditions were classified into three groups respectively: 60 curves belong to the 
semi-dilute region (ZnCl2 content: 29.6%–45%; starch content: 2%–5%; and temperature: 25–60°C); 
15 curves belong to the dilute region (ZnCl2 content: 29.6%–45%; starch content: 1%; temperature: 
25–60°C); and 25 curves belong to the sticky region (ZnCl2 content: 65%; starch content: 2%–5%; 
temperature: 25–60°C). For each group, the shift factor (αT·ZnCl2·St) was re-calculated using Eq. 4. As 
a result, the re-built master curves for each group were seen in Fig. 5.  
Fig. 5a shows the 15 re-built reduced curves in the dilute region. Here, the reference conditions 
are: T0 = 25°C, CZnCl20 = 29.6%, and CSt0 = 1%. All these curves were superposed, without separation. 
Initially, we included five more curves (ZnCl2content: 65%; starch content: 1%; temperature: 25°C, 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
30°C, 40°C, 50°C, 60°C) into this region. However, after re-establishment, these five reduced curves 
were found to be better classified into the sticky region.  
Fig. 5b contains the typical 24 re-built reduced curves in the semi-dilute region, which represent 
all of the 60 curves. Here, the reference conditions are: T0 = 25 °C, CZnCl20 = 29.6%, andCSt0 = 2%. 
Although the dispersity of these curves is much more than that in Fig. 5a and Fig. 5c, there was still 
no obvious separation. Moreover, the dispersity just indicates a gradual and moderate change of the 
conformation of starch molecules in ZnCl2 solution.  
Fig. 5c shows the 25 re-built reduced curves in the sticky region. Here, the reference conditions 
are: T0 = 25 °C, CZnCl20 = 65%, andCSt0 = 1%. Similarly as in Fig. 5a, all the curves were superposed, 
without separation. 
From the re-built master curves in Fig. 5, the proposed phase diagram is confirmed. 
 
4Conclusions 
We previously found that ZnCl2 aqueous solution was a non-derivatizing solvent that can completely 
dissolve starch. Here in this work, we further studied the rheological and conformation of starch 
molecules in ZnCl2 aqueous solution under different conditions. In fact, besides rheological studies, 
we have tried the gel permeation chromatography (GPC) to study the conformation. However, 
because of the high salt concentration, which may damage the chromatographic column of GPC, is 
the key parameter for the dissolution and dispersion of starch chains. We got nothing from it.  
For the purpose, we obtained 100 rheological curves for starch-ZnCl2 solutions and established 
a rheological model to describe the rheological properties under different conditions accurately. 
More importantly, our power-law index (n) and master curve studies allow us to classify the 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
conformation of starch molecules in ZnCl2aqueous solutions into a dilute region, a semi-dilute region, 
a sticky region, and an insoluble region, which can be shown in a phase diagram. In the dilute region, 
the starch chains are dispersed individually in the solution, without entanglement. In the semi-dilute 
region, there were strong interaction and entanglement between starch molecules. In the sticky 
region, the zinc-starch complex was formed and had the much stronger interaction and entanglement 
than those between pure starch chains. This phase diagram can be used to guide the homogeneous 
modification of starch and the preparation of starch-based materials with desired structure and 
properties. 
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Figure Lgends 
Fig. 1. Viscosity vs. shear rate curves of cassava starch in ZnCl2 solutions. The particular 
parameter for curves was: (a) 29.6% ZnCl2 concentration; (b) 1% starch content; (c) 25 °C. 
Fig. 2. n values of regressed power-law equations for cassava starch in ZnCl2 aqueous solution 
under different conditions (ZnCl2 concentration, starch content, and temperature). 
Fig. 3. Master curves of rheological results for cassava starch in ZnCl2 aqueous solutions 
obtained by temperature–cassava starch content–ZnCl2 content superposition. The regression 
conditions of were T0=25 °C, CZnCl20=29.6%, and CSt0=1%. The particular parameter for curves was: 
(a) 1% starch content; (b) ZnCl2 concentration (29.6% and 35%). 
Fig. 4. Phase diagram and schematic representation for cassava starch in ZnCl2 aqueous 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
solutions under different conditions. Phase I represents the “insoluble region”; Phase II represents the 
“dilute region”; Phase III represents the “semi-dilute region”; and Phase IV represents the “sticky 
region”. 
Fig. 5. Re-built master curves for cassava starch in ZnCl2 solvents in three phase regions. (a) 
dilute region; (b) semi-dilute region; and (c) sticky region. 
 
 
 
 
 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Power-law parameters for cassava starch in 29.6% ZnCl2 aqueous solution. 
Starch content Temperature n K (Pa·s) R2 
0% 25 °C 0.172a 0.878c 0.988 
 30 °C 0.185a 0.829d 0.986 
 40 °C 0.165b 0.898b 0.986 
 50 °C 0.157b 0.922b 0.987 
 60 °C 0.149c 0.935a 0.991 
1% 25°C 0.689a 0.111a 0.963 
 30 °C 0.672b 0.109a 0.961 
 40 °C 0.660c 0.098ab 0.961 
 50 °C 0.641d 0.096c 0.959 
 60 °C 0.613e 0.101ab 0.965 
2% 25 °C 0.755a 0.253a 0.945 
 30 °C 0.744b 0.243a 0.949 
 40 °C 0.729c 0.217b 0.959 
 50 °C 0.712d 0.205c 0.966 
 60 °C 0.681e 0.224a 0.986 
3% 25 °C 0.762a 0.409a 0.917 
 30 °C 0.754b 0.389b 0.936 
 40 °C 0.735b 0.353c 0.957 
 50 °C 0.722c 0.329d 0.971 
 60 °C 0.699d 0.337c 0.989 
4% 25 °C 0.753a 1.154a 0.982 
 30 °C 0.761a 1.009b 0.979 
 40 °C 0.763a 0.805c 0.973 
 50 °C 0.762a 0.696d 0.967 
 60 °C 0.757a 0.597e 0.968 
5% 25 °C 0.832a 0.983a 0.881 
 30 °C 0.835a 0.872b 0.872 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 40 °C 0.820b 0.770c 0.939 
 50 °C 0.826b 0.623d 0.855 
 60 °C 0.804c 0.635d 0.896 
Superscripts with different letters in same column indicate significant differences (P ≤ 0.05). 
 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Power-law parameters for cassava starch in 35% ZnCl2 aqueous solution. 
Starch content Temperature n K (Pa·s) R2 
0% 25 °C 0.192a 0.811d 0.987 
 30 °C 0.197a 0.793e 0.985 
 40 °C 0.182b 0.833c 0.987 
 50 °C 0.164b 0.889b 0.988 
 60 °C 0.151c 0.940a 0.988 
1% 25 °C 0.693a 0.121a 0.969 
 30 °C 0.687a 0.114b 0.966 
 40 °C 0.676a 0.102c 0.961 
 50 °C 0.693a 0.080d 0.974 
 60 °C 0.641a 0.099cd 0.962 
2% 25 °C 0.734a 0.264a 0.983 
 30 °C 0.727a 0.243b 0.985 
 40 °C 0.715a 0.215c 0.989 
 50 °C 0.702a 0.200d 0.990 
 60 °C 0.676a 0.211c 0.996 
3% 25 °C 0.765a 0.436a 0.934 
 30 °C 0.759a 0.404b 0.947 
 40 °C 0.737b 0.378c 0.967 
 50 °C 0.735b 0.332e 0.982 
 60 °C 0.704c 0.362d 0.994 
4% 25 °C 0.808a 0.667a 0.900 
 30 °C 0.802b 0.612b 0.899 
 40 °C 0.744d 0.559c 0.920 
 50 °C 0.777c 0.497d 0.937 
 60 °C 0.735d 0.561c 0.971 
5% 25 °C 0.823a 0.979a 0.896 
 30 °C 0.821ab 0.884b 0.891 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 40 °C 0.813bc 0.751c 0.888 
 50 °C 0.798c 0.698d 0.924 
 60 °C 0.765d 0.762c 0.945 
Superscripts with different letters in same column indicate significant differences (P ≤ 0.05). 
 
 
 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3. Power-law parameters for cassava starch in 45% ZnCl2 aqueous solution. 
Starch content Temperature n K (Pa·s) R2 
0% 25 °C 0.229a 0.730d 0.982 
 30 °C 0.211b 0.775c 0.984 
 40 °C 0.198b 0.811b 0.981 
 50°C 0.189c 0.814b 0.987 
 60°C 0.166d 0.895a 0.986 
1% 25 °C 0.714a 0.142a 0.981 
 30 °C 0.717a 0.126b 0.982 
 40 °C 0.703ab 0.113bc 0.976 
 50 °C 0.691bc 0.106cd 0.969 
 60 °C 0.677d 0.101d 0.972 
2% 25 °C 0.752a 0.353a 0.974 
 30 °C 0.747b 0.329b 0.978 
 40 °C 0.737bc 0.284c 0.982 
 50 °C 0.722cd 0.264d 0.987 
 60 °C 0.712d 0.248d 0.990 
3% 25 °C 0.780a 0.755a 0.959 
 30 °C 0.779ab 0.681b 0.957 
 40 °C 0.774ab 0.573c 0.948 
 50 °C 0.769bc 0.502d 0.955 
 60 °C 0.758c 0.471e 0.975 
4% 25 °C 0.781a 1.414a 0.971 
 30 °C 0.789a 1.237b 0.967 
 40 °C 0.788a 1.002c 0.960 
 50 °C 0.786a 0.859d 0.953 
 60 °C 0.774b 0.822e 0.969 
5% 25 °C 0.763b 2.256a 0.981 
 30 °C 0.769ab 1.948b 0.982 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 40 °C 0.778a 1.502c 0.981 
 50 °C 0.775a 1.288d 0.979 
 60 °C 0.769ab 1.200e 0.983 
Superscripts with different letters in same column indicate significant differences (P ≤ 0.05). 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4. Power-law parameters for cassava starch in 65% ZnCl2 aqueous solution. 
Starch content Temperature n K (Pa·s) R2 
0% 25 °C 0.571a 0.429e 0.953 
 30 °C 0.523b 0.477d 0.965 
 40 °C 0.491c 0.509c 0.969 
 50 °C 0.435d 0.565b 0.975 
 60 °C 0.408e 0.592a 0.977 
1% 25 °C 0.842a  0.177a  0.994  
 30 °C 0.841a  0.154b  0.989  
 40 °C 0.839ab  0.119c  0.973  
 50 °C 0.836ab  0.096d  0.957  
 60 °C 0.826b  0.083e  0.932  
2% 25 °C 0.797b  0.569a  0.996  
 30 °C 0.807a  0.472b  0.990  
 40 °C 0.816a  0.345c  0.992  
 50 °C 0.827a  0.260d  0.993  
 60 °C 0.829a  0.209e  0.995  
3% 25 °C 0.753d  1.622a  0.990  
 30 °C 0.761d  1.344b  0.988  
 40 °C 0.776c  0.948c  0.988  
 50 °C 0.786ab  0.708d  0.992  
 60 °C 0.798a  0.543e  0.991  
4% 25 °C 0.719c  3.322a  0.990  
 30 °C 0.721c  3.133b  0.994  
 40 °C 0.744b  1.986c  0.983  
 50 °C 0.758a  1.460d  0.981  
 60 °C 0.768a  1.134e  0.983  
5% 25 °C 0.691bc  6.637a  0.992  
 30 °C 0.689c  5.743b  0.997  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 40 °C 0.696b  4.347c  0.996  
 50 °C 0.726a  2.912d  0.985  
 60 °C 0.725a  2.362e  0.992  
Superscripts with different letters in same column indicate significant differences (P ≤ 0.05). 
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Fig. 1. Viscosity vs. shear rate curves of cassava starch in ZnCl2 solutions. The particular parameter 
for curves was: (a) 29.6% ZnCl2 concentration; (b) 1% starch content; (c) 25 °C. 
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Fig. 2. n values of regressed power-law equations for cassava starch in ZnCl2 aqueous solution under 
different conditions (ZnCl2 concentration, starch content, and temperature). 
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Fig. 3. Master curves of rheological results for cassava starch in ZnCl2aqueous solutions obtained 
by temperature–cassava starch content–ZnCl2 content superposition. The regression conditions of 
were T0=25 °C, CZnCl20=29.6%, and CSt0=1%. The particular parameter for curves was: (a) 1% starch 
content; (b) ZnCl2 concentration (29.6% and 35%). 
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Fig. 4. Phase diagram and schematic representation for cassava starch in ZnCl2 aqueous solutions under different conditions. Phase I represents 
the “insoluble region”; Phase II represents the “dilute region”; Phase III represents the “semi-dilute region”; and Phase IV represents the “sticky 
region”.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
32 
 
 
 
 
Shear rate (s
-1
)
1 10 100 1000 10000
V
is
c
o
s
it
y
 (
P
a
 s
)
0.001
0.01
0.1
29.6%ZnCl2 25
o
C
29.6%ZnCl2 30
o
C
29.6%ZnCl2 40
o
C
29.6%ZnCl2 50
o
C
29.6%ZnCl2 60
o
C
35%ZnCl2 25
o
C
35%ZnCl2 30
o
C
35%ZnCl2 40
o
C
35%ZnCl2 50
o
C
35%ZnCl2 60
o
C
45%ZnCl2 25
o
C
45%ZnCl2 30
o
C
45%ZnCl2 40
o
C
45%ZnCl2 50
o
C
45%ZnCl2 60
o
C
1% Starch
Shear rate (s
-1
)
1 10 100 1000 10000
V
is
c
o
s
it
y
 (
P
a
 s
)
0.01
0.1
1
29.6%ZnCl2 2%St 25
o
C
29.6%ZnCl2 2%St 60
o
C
29.6%ZnCl2 3%St 25
o
C
29.6%ZnCl2 3%St 60
o
C
29.6%ZnCl2 4%St 25
o
C
29.6%ZnCl2 4%St 60
o
C
29.6%ZnCl2 5%St 25
o
C
29.6%ZnCl2 5%St 60
o
C
35%ZnCl2 2%St 25
o
C
35%ZnCl2 2%St 60
o
C
35%ZnCl2 3%St 25
o
C
35%ZnCl2 3%St 60
o
C
35%ZnCl2 4%St 25
o
C
35%ZnCl2 4%St 60
o
C
35%ZnCl2 5%St 25
o
C
35%ZnCl2 5%St 60
o
C
45%ZnCl2 2%St 25
o
C
45%ZnCl2 2%St 60
o
C
45%ZnCl2 3%St 25
o
C
45%ZnCl2 3%St 60
o
C
45%ZnCl2 4%St 25
o
C
45%ZnCl2 4%St 60
o
C
45%ZnCl2 5%St 25
o
C
45%ZnCl2 5%St 60
o
C
(a) 
(b) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
33 
 
      (c) 
 
Fig. 5. Re-built master curves for cassava starch in ZnCl2 solvents in three phase regions. (a) dilute 
region; (b) semi-dilute region; and (c) sticky region. 
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